t INTRODUCTION
Codeposited thin films have long been of interest in optical interference coatings. It is useful to produce films consisting of homogeneous mixtures of two materials with refractive indices intermediate between those of the constituents.
1 By varying the composition, graded index layers may be produced that have the advantage over multilayer coatings in that scattering and adhesion problems at interfaces are eliminated. There have been considerable advances recently in the design 2 ,} and production 4 of coatings with prescribed spectral characteristics (for example, rugate filters) that require an accurately controlled continuously graded index layer. Since ion-assisted deposition (lAD) has been shown to eliminate the drift in the optical properties of thin films, due to the adsorption of atmospheric water vapor into the porous microstructure of the film, s the potential of these designs may now be realized, We report here on a range of codeposited ion-assisted TiO z -Si0 2 films. The refractive index profile of each film was monitored during growth by ellipsometry and compositional information on the outermost monolayer was obtained at the completion of the deposition by ion scattering spectroscopy (ISS). More detailed compositional and bonding information were obtained from x-ray photoelectron spectroscopy (XPS) and energy-filtered electron diffraction.
II. EXPERIMENT
A block diagram ofthe equipment used to deposit, monitor, and characterize the film by ISS is given in Fig. 1 . A detailed description has been given elsewhere.
6 Each starting material, TiO and Si0 2 , was evaporated from one ofa pair of single-crucible electron beam sources mounted symmetrically approximately 380 mm below the BK7 substrate. The evaporation rate of each material was monitored by a separate crystal-oscillator film-thickness monitor and the growing film was bombarded with 600-eV O 2 -+ ions from a 25-mm-diam Kaufman ion source. Typical film deposition rates were 0,25 nm s -I and ion current densities were 50 pAcm 2 The in situ ellipsometer was of the rotating analyzer type, and operated at an angle of incidence of 70° at the HeNe laser wavelength 633 nm. Typically, ellipsometric data are collected at a rate of 0.3 Hz. Spectral reflectance information at 15 wavelengths across the visible spectrum were also stored. In all cases the spectral reflectance of the films showed no measurable shift on venting to a humid atmosphere, indicating that the ion bombardment was sufficient to produce stable films without pronounced columnar microstructure.
Ion scattering spectra were obtained on deposited films, using l-keV He I-scattered through 135°. Since the technique is sensitive only to the outermost surface monolayer, it was important (for correlation with the less surface-sensitive techniques of ellipsometry and XPS) that the composition of the mixed film did not change rapidly near its surface. Operating the electron beam evaporators at a constant power rather than under feedback control from the rate monitor was found to give more reliable results. Although the film composition did change slowly, the variation was easily monitored by the ellipsometer. In all cases the ISS data were referenced to a Ti0 2 film produced by lAD on a separate substrate in the same pumpdown cycle.
The deposited films were examined by XPS in a Leybold
LHlO spectrometer fitted with an Al anode x-ray source.
The main photoelectron lines studied were ° 1s, Si 2p, and Ti
2P3I2'
The binding energies were referenced to C Is at 248.6 eV.7 The percentage of Ti0 2 concentrations was estimated using the areas under the peaks, for a pass energy of 20 eV, referenced to standard Ti0 2 and Si0 2 films. El.ectron diffraction measurements were carried out on one sample of nominally equal proportions ofTi0 2 and Si0 2 and thickness 40 nm using a Gatan EELS system attached to a Philips EM430 electron microscope operating at 300 kV.
Ill. RESULTS AND DISCUSSION
Since both the ISS and XPS data gave information about the composition of the film only near its surface, it was necessary to calculate the refractive index profile from the ellipso- For each ellipsometric measurement in sequence, the refracti ve index and thickness of the surface film wa.s calculated. If the thickness was greater than what will be termed the sublayer thickness, a layer having that refractive index and the sublayer thickness was assumed to be present on which the film for the next measurement was deposited. In this way the ellipsometric data continued to yield the refractive index of the near surface region. Typical values chosen for the sublayer thickness were in the range 3-5 nm. The results are tabulated in Table I . The first column gives the refractive index of the surface of the mixed films together with the pure TiO z and Si0 2 lAD layers. The second column gives the calculated percentage ofTiO z in the mixture assuming a linear relation between composition and refractive index.
Energy spectra of l-keV He+ scattered from the deposited films were collected immediately after each deposition. A typical example is shown in Fig. 3 where the major peaks 0[0, 8i, and Ti are easily identified. The percentage concentration of Ti0 2 and Si0 2 was estimated by measuring the peak heights and referencing the data to Ti0 2 and Si0 2 films deposited in the same deposition cycle. Reproducible spectra were obtained typically after 1-2 min and were subsequently stored. No degradation of the spectra was observed over periods of 0.5-1.0 h continuous bombardment with the He+ probe beam. The measured relative concentrations of Ti0 2 :Si0 2 are given in Table 1 .
Samples removed from the deposition chamber were analyzed by XPS. The estimates of the surface concentration of Ti0 2 determined by XPS are given in Table 1 . A comparison of the concentrations of Ti0 2 shown in Table I shows that the optical and XPS data agree to within 30%. The 0 Is, Si 2p, Ti 2p3/2' and C 1s peaks were studied. The binding energies of the major peaks were referenced to the C Is signals and are tabulated in Table n . The binding energy of the ° is was found to vary with the percentage Ti0 2 in the film. Figure 4 shows an example of the ° Is peak from a Ti0 2 :Si0 2 mixture (nominally 50:50) and reference films of Si0 2 and Ti0 2 • The binding energy of the Si 2p was also found to be dependent upon the Ti0 2 content of the films, ranging from 103 eV for pure SiOz to 101.6 eV for an 18% Si0 2 content. This shift in the Si 2p binding energy indicates that the Si0 2 and Ti0 2 are forming an intimate mixture so that the electron states of the composite are not simply described by separate phases consisting of the pure materials, The Si 2p line did not show a doublet structure and indicates that the 8i0 2 is homogeneously dispersed without phaseseparated components of 8i and SiOz or other suboxides.
9
The bindi.ng energy of 103 eV for the pure Si0 2 film also agrees with the data of Sun and co-workers 9 for stoi.chiometric SiOz' There were only slight changes in the binding energy of the Ti 2P3/l peak with composition. . . The techniques employed to obtain electron diffraction patterns consisting only of elastically scattered electrons are described in a recent review article. to The diffraction pattern I(s) was collected out to a value of s = 2 sin 9/ A of 4,8 A-I and transformed to a reduced density function G(r) by Fourier transformation. The positions of peaks in G(r) give the distance between an average atom and its near neighbors. Diffraction patterns were collected from regions 10 ftm in size.
A specimen nominally equiatomic in 8i and Ti, as measured by the crystal monitors, was examined. The diffraction pattern was consistent with an amorphous structure and was found to vary over regions separated by distances of the order of20 11m, as shown in Fig. 5 . This indicates that the Si/Ti ratio is variable over distances of this order, since the G(r) function resulting from the two diffraction patterns of Fig. 5 gives different relative amounts of the Si-O and Ti-O distances as shown in Fig. 6 . The results are summarized in Table III . Moreover, if we deduce the 0-0 distance in a Ti-0 6 octahedron from the measured Ti-O distance, the result is 2.70 A, even closer to the 0-0 distance in Si0 2 and close to our measured 0-0 distance. The oxygen network, therefore, has an almost constant 0-0 distance throughout the composite. Direct bonding between Si and Ti appears to occur infrequently, if at all, since both known silicides of titanium have nearest-neighbor Ti-Si distances that lie outside the observed peaks. The shortest Ti-Si distance in TiSi is 2.31 A,13 which lies in a minimum of G(r) and the shortest Ti~Si distance in TiSi 2 is 2.54 A 14 which, if present, would be observed as a shoulder on the side of the 0-0 peak centered at 2.67 A. A description of the structure consistent with our observations is of an oxygen network in which silicon and titanium atoms are located randomly throughout, in tetrahedral and octahedral coordination, respectively.
High-resolution imaging of the films confirmed the amorphous nature of the material. A granularity of the order of 20 nm in size was apparent, with evidence of a small fraction of void space between the grains. Dark-field imaging at high resolution was carried out using an aperture selecting only those electrons diffracted into part of the second major diffractions peak of Fig. 5 . As has been noted, Si0 2 -rich and Ti0 2 -rich regions have a different diffracting power into this peak, so that contrast in the image would be due to variations in the SiOz/TiO z ratio. The image revealed some contrast, but only on a scale of less than 3 nm, so that there was no segregation ofSi0 2 and Ti0 2 on a scale size larger than this. In particular, the granularity on a scale of 20 nm was not associated with compositional variation.
IV. SUMMARY
We have reported on codeposited thin films of TiO z and Si0 2 produced by lAD. The composition of the near-surface region of a number of samples was estimated from in situ eIlipsometric measurements and ISS, and subsequently ex situ by XPS. The XPS and eIlipsometric data agree to within about 30%, whereas the difference between the ISS and XPS or ellipsometric estimates were much greater. This is not very surprising, since XPS and the ellipsometry were sensitive to the average composition of the outermost 2 nm (approximately) of the layer, whereas ISS is sensitive to the outermost monolayer only. The electron diffraction results showed no evidence of Ti-Si bonding but did indicate that there were considerable variations in the composition of the layer over areas separated by as little as 20/-lm. However, the films appeared homogeneous on a scale of the order of 20 nm. Chemical shifts in the position of the XPS Si 2p peak was interpreted as evidence of the formation of an intimate mixture of TiO z and Si0 2 , but the lack of splitting of the peak indicated the presence of only one Si-O phase.
